We investigate the effects of the change of cosmological parameters and star formation (SF) models on the cosmic SF history using cosmological smoothed particle hydrodynamics (SPH) simulations based on the cold dark matter (CDM) model. We vary the cosmological parameters within 1-σ error from the WMAP best-fit parameters, and find that such changes in cosmological parameters mostly affect the amplitude of the cosmic SF history. At high redshift (hereafter high-z), the star formation rate (SFR) is sensitive to the cosmological parameters that control the small-scale power of the primordial power spectrum, while the cosmic matter content becomes important at lower redshifts. We also test two new SF models: 1) the 'Pressure' model based on the work by Schaye & Dalla Vecchia (2008) , and 2) the 'Blitz' model that takes the effect of molecular hydrogen formation into account, based on the work by Blitz & Rosolowsky (2006) . Compared to the previous conventional SF model, the Pressure model reduces the SFR in low-density regions and shows better agreement with the observations of the Kennicutt-Schmidt law. This model also suppresses the early star formation and shifts the peak of the cosmic SF history toward lower redshift, more consistently with the recent observational estimates of cosmic SFR density. The simulations with the new SF model also predict lower global stellar mass densities at high-z, larger populations of low-mass galaxies and a higher gas fraction in high-z galaxies. Our results suggest that there is room left in the model uncertainties to reconcile the discrepancy that was found between the theory and observations of cosmic SF history and stellar mass density. Nevertheless, our simulations still predict higher stellar mass densities than most of the observational estimates.
INTRODUCTION
Star formation is a fundamental and important physical process for understanding galaxy formation. Stars emit a large fraction of the observed photons, and their formation and evolution significantly influence galaxy evolution. Over the past decade, various high-z observations started to unveil the rough history of cosmic star formation (e.g., Madau et al. 1996; Lilly et al. 1996; Steidel et al. 1996; Dickinson et al. 2003; Giavalisco et al. 2004; Ouchi et al. 2004; Hopkins & Beacom 2006; Bouwens et al. 2007; Yan et al. 2008; Bouwens et al. 2009 , and references therein). There are yet considerable uncertainties in the dust extinction correction, the faint-end slope of the luminosity function, and the stellar initial mass function (IMF). However, these observations show a rough picture of the cosmic SFR density (ρ⋆), which gradually increases from high-z to z ∼ 4, peaks at z ≈ 2 − 4, and then rapidly declines from z ∼ 2 to z = 0. It is then of significant interest to see if the standard model of cosmic structure formation based on the CDM model can reproduce the observed features of cosmic SF history, and to further develop insight into the physical processes which govern the cosmic star formation.
Numerical simulations have been used to investigate the cosmic star formation history (e.g., Cen & Ostriker 1992 ; Katz et al. 1996a ; Yepes et al. 1997 ; Nagamine et al.
c 0000 RAS 2000; Weinberg et al. 2002; Springel & Hernquist 2003b; Nagamine et al. , 2006 Davé 2008) , however, most theoretical predictions remain somewhat uncertain due to the following reasons. First of all, the physics of star formation and its feedback have not been clearly understood yet, because they are inherently complex problems, involving nonlinear dynamics, radiative and chemical processes on wide range of scales (e.g., McKee & Ostriker 2007) . Secondly, the resolution limitation of simulations forbids the detailed modeling of SF and its feedback from first principles, and cosmological simulations must rely on empirical SF laws (e.g, Schmidt 1959; Kennicutt 1998a,b) . The simulation results could depend on the details of the adopted models of SF and its feedback, and there are still significant freedoms in the formulation of these models.
Originally, numerical cosmologists studied the cosmic SF history with the motivation to use it as a probe of cosmological models, and examine the effects of largely different cosmological models onρ⋆ (e.g., Nagamine et al. 2000; Weinberg et al. 2002) . This is because different cosmological models result in different power spectra of matter density fluctuations, which would be reflected as different shapes oḟ ρ⋆(z).
Since then, the situation has dramatically changed, and we now know the values of our cosmological parameters within ∼10% accuracy (Komatsu et al. 2009 (Komatsu et al. , 2010 , and the resolution of numerical simulations has also improved significantly since late 1990's. Back then, cosmological hydro simulations with 64 3 particles were standard, but now we can go up to 300 3 − 400 3 particles. Given these advancements, it would be worthwhile to quantify the changes inρ⋆(z) in more detail when we deviate the cosmological parameters by 1-σ error from the WMAP best-fit values (Komatsu et al. 2009 (Komatsu et al. , 2010 ). An interesting recent change is that the values of σ8 and the power-index of primordial power spectrum ns have become smaller with σ8 < 0.9 and ns < 1.0. The goal of this paper is to quantify the dependence ofρ⋆(z) on cosmological parameters and the adopted SF model in detail, as it has not been documented in the literature yet.
A very comprehensive work was performed by Springel & Hernquist (2003b, hereafter SH) , in which they estimatedρ⋆(z) using a large set of cosmological SPH simulations with a novel subgrid model for multiphase interstellar medium (ISM) (Springel & Hernquist 2003a) . The parameters in their SF model were constrained by the observed Kennicutt-Schmidt law (Kennicutt 1998a,b) . They clearly showed howρ⋆(z) depends on the numerical resolution, but they did not examine the effects of different cosmologies and SF models in detail.
Based on the work of SH, Hernquist & Springel (2003, hereafter HS model) provided a simple, analytic reasoning to identify physical processes that drive the evolution ofρ⋆(z). They argued that the early phase of cosmic star formation is driven by the gravitational structure formation, and provided an analytic formula forρ⋆(z), which includes the Hubble parameter H(z) and the SFR function as a function of halo mass. Compared to the observational estimates, the HS model with the WMAP cosmology predicts a higherρ⋆ at high-z with a peak at z ≈ 5 − 6, resulting in higher stellar mass densities (Ω * ) at z ≥ 1 than the observations. Later, compared two different kinds of numerical simulations (Eulerian TVD and SPH) with observations, and found that the numerical simulations generally predicted higher SFR at high-z.
Although the SH model provides a novel description of star formation and its feedback, this model is still not perfect. As mentioned above, the star formation in the SH model is constrained by the Kennicutt-Schmidt law which is the correlation between the average star formation surface density (ΣSFR) and average total gas surface density (Σgas). Recent observations, which spatially resolve star formation in a given galaxy, show that ΣSFR(r) is a function of the ΣH 2 (r), and Σgas(r)/ΣH 2 (r) is not constant. This suggests that ΣSFR is indeed a function of molecular hydrogen surface density (ΣH 2 ), rather than Σgas (Wong & Blitz 2002; Heyer et al. 2004; Blitz & Rosolowsky 2006; Bigiel et al. 2008) . Therefore, it will be important to take into account the effect of H2 density in our SF model. In this paper, we examine new SF models which consider the contribution of H2, and test the effects onρ⋆(z) and star formation on small scales. This paper is organized as follows. In Section 2, we describe our simulations with a focus on the new SF models. In Section 3, we present the effects of differing cosmological parameters on the cosmic SF history. In Section 4, we compare the two new SF models with the SH model. The effect of new SF models onρ⋆(z) and galaxy formation is investigated in Section 5. Finally we summarize our findings in Section 6.
NUMERICAL TECHNIQUE
We use the updated version of the Tree-particle-mesh (TreePM) smoothed particle hydrodynamics (SPH) code GADGET-2 (Springel 2005) . Our conventional code includes radiative cooling by H, He, and metals (Choi & Nagamine 2009 ), heating by a uniform UV background of a modified Haardt & Madau (1996) spectrum (Katz et al. 1996b; Davé et al. 1999) , star formation, supernova feedback, a phenomenological model for galactic winds, and a subresolution model of multiphase ISM (Springel & Hernquist 2003a) . In this multiphase ISM model, the high-density ISM is pictured to be a two-phase fluid consisting of cold clouds in pressure equilibrium with a hot ambient phase. Cold clouds grow by radiative cooling out of the hot medium, and this material forms the reservoir of baryons available for star formation. Since the details of the treatment are described by both SH and Choi & Nagamine (2009), we do not repeat them here.
Cosmological parameters
In this paper, we adopt the following fiducial cosmology which is consistent with the latest WMAP result: Ωm = 0.26, ΩΛ = 0.74, Ω b = 0.044, h = 0.72, ns = 0.96, and σ8 = 0.80. In order to see the effect of each cosmological parameter onρ⋆(z), we vary one parameter at a time from the fiducial model while the other parameters are kept fixed. Except σ8, we vary each parameter from the fiducial value by approximately one sigma error in the WMAP result (Komatsu et al. 2009 (Komatsu et al. , 2010 . The variation of σ8 is chosen to be 0.1 to include the previously popular σ8 = 0.9 in our parameter set. The tested cosmological models are in the range of ns = 0.92 − 1.0, σ8 = 0.7 − 0.9, Ω b = 0.038 − 0.05, (Ωm, ΩΛ) = (0.24, 0.76) and (0.28, 0.72) 1 . The runs used in this comparison are listed in Table 1 .
Star formation at high redshift takes place mostly in low-mass galaxies, and it progressively shifts to massive systems at lower redshifts. We need a high-resolution simulation to resolve the star formation in low-mass galaxies and a large box size to include a large number of massive galaxies, which requires substantial computational resources. In order to get around this difficulty, we employ a large number of runs with different resolution and volumes. Because of this, we limit the particle number of our fiducial runs to 2 × 216 3 (gas + dark matter) particles in a comoving box of (10 h −1 Mpc) 3 (hereafter the N216L10 series). We stop this series at z = 2.75, as it misses the long wavelength perturbations at lower redshifts. The resolution of N216L10 series is not adequate to properly simulate the entire cosmic SF history, but it is sufficient to show the differences due to the variation of the cosmological parameters.
Star formation models
• SH model:
In the multiphase ISM model of SH, the star formation is modelled as follows. If the dense gas is Jeans unstable and is rapidly cooling, a fraction of the gas mass is converted into a star particle with a ratė
where ρc is the gas density of the cold cloud, and β is the mass fraction of high-mass stars that instantly die as supernovae, determined by the stellar initial mass function. The star formation time-scale tSFR is taken to be proportional to the local dynamical time of the gas: tSFR(ρ) = t ⋆ 0 (ρ/ρ th ) −1/2 , where the value of t ⋆ 0 = 2.1 Gyr is chosen in isolated disk galaxy simulations to match the KennicuttSchmidt law:
where Σ th is the SF threshold surface density. Observations suggest that A = 2.5 ± 0.7 M⊙ yr −1 kpc −2 , n = 1.4 ± 0.15, and Σ th ∼ 10 M⊙ pc −2 (Kennicutt 1998a,b) . The supernova explosions add thermal energy to the hot phase of the ISM and evaporate cold clouds. This is described asρc = Cβρc/t⋆, where the feedback efficiency parameter "C" has the density dependence C(ρ) = C0 (ρ/ρ th ) −4/5 , following McKee & Ostriker (1977) . This evaporation process of cold clouds establishes a tight selfregulation mechanism for star formation in the ISM, where the ambient hot medium quickly evolves toward an equilibrium temperature.
Although the SH model has shown significant improvements over the earlier SF models, it is still incomplete. We know from observations that star formation takes place in the molecular clouds. Therefore the next natural step is to implement alternative SF models which include the effect of molecular hydrogen (H2), and study the consequences on the cosmic star formation history (e.g., Gnedin et al. 2009 ). Unfortunately, current cosmological simulations cannot resolve the detailed structure of molecular clouds while solving the formation of thousands of galaxies on a 10 Mpc scale, so we need a model to estimate the H2 fraction from the total gas density. Here, we consider two new SF models and compare them with the original SH model.
• Blitz model:
This model is based on the H2 density-pressure relation derived by Blitz & Rosolowsky (2006) . They argued that the mean ratio of molecular to atomic hydrogen surface density is related to the interstellar gas pressure as follows:
α , where Pext is the interstellar gas pressure, P0/k = 4.3 × 10 4 cm −3 K, and α ≈ 0.92. Using this relationship, we can compute the amount of H2 from the total gas density and pressure. The projected SFR density in this model is
where ǫ ≈ 10 − 13 Gyr −1 . Blitz & Rosolowsky (2006) argued that this relationship recovers the observed SFR surface density better than the Kennicutt (1998a) law, especially in the low density regime, where the molecular density is lower than the Hi density and Pext < P0.
We assume that we can replace the surface density with the 3-dimensional density, and rewrite the above equation aṡ
after adopting ǫ = 10 Gyr
as suggested in Blitz & Rosolowsky (2006) . We note that this SF law is very similar to the one adopted by Kravtsov (2003) except for the pressure term in the bracket. Kravtsov (2003) assumedρ⋆ = ρgas/τ⋆ with τ⋆ = 4 Gyr.
When Pext > P0, the molecular surface density becomes greater than the atomic hydrogen surface density. In this high-pressure regime, we assume that the SF law reverts to the Kennicutt-Schmidt law, and adopt equation (2). We apply equation (4) only in the low-pressure regime with Pext < P0. We call this new model the 'Blitz' model.
• Pressure model:
This model explicitly formulates the conversion between gas surface density (Σgas) and gas volume density (ρgas). Previously, we assumed Σgas/ΣSFR = ρgas/ρ⋆, which is only true if the disk scale-height is constant or the equation of state (EOS) behaves as P ∝ ρ 2 . Schaye (2001) and Schaye & Dalla Vecchia (2008) proposed the "Jeans column density", and argued that the scale-height will be of the order of local Jeans scale for self-gravitating discs, because the density typically fluctuates on the local Jeans scale.
One may argue that this model takes into account the effect of H2 cooling better than the previous SF models based on the three-dimensional gas density, because the disk instability leads to the collapse of molecular clouds and star formation occurs within them due to the H2 cooling. Owing to the current limitation in computational power, it is still impossible to simulate the formation of molecular clouds explicitly in cosmological simulations. Therefore considering Table 2 . The two series of simulations employed for the comparison study of star formation models. The box-size is given in units of h −1 Mpc, Np is the particle number of dark matter and initial gas (hence × 2), m DM and mgas are the masses of dark matter and gas particles in units of h −1 M ⊙ , respectively, ǫ is the comoving gravitational softening length in units of h −1 kpc, and Z end is the ending redshift of the simulation. The value of ǫ is a measure of spatial resolution. Note that the star particle mass is a half of the initial gas particle mass. We implement three star formation models (the SH model, the Blitz model, and the Pressure model) for the N216L10 series and two star formation models (the SH model and the Pressure model) for the N400L100 series.
the Jeans instability in a disk could be a useful approximation to take account of the effect of disk instability, which leads to the molecular cloud formation, in cosmological simulations. Using the Jeans column density Σg,J , surface and volume gas densities are related as follows:
where LJ = cs/ √ Gρtot is the Jeans length, cs = γPtot/ρgas is the local sound speed, fg is the mass fraction in gas (i.e., ρgas = fgρtot), and f th is the fraction of mid-plane pressure that is thermal (i.e., P = f th Ptot, where P is the thermal pressure).
Throughout our calculation, we assume fg = f th , therefore fgPtot = (fg/f th )P = P . From equations (2) and (5), we can derive the new SF time-scale:
where we adopt n = 1.4 and γ = 5/3 as the default values. In this SF model, we keep the multiphase ISM model of SH. We compute the SF threshold density as ρ th = G/fg(Σ th /cs) 2 . To compute cs for the gas at the threshold density, we need to know the temperature and the mean atomic weight of the gas. Here, we assume T th = 500K and µ th = 1.2, because star formation occurs in the cold gas. The resulting number density is n th ∼ 1.2h 2 cm −3 , which is a factor of three higher than the original value used in the SH model. As we will discuss later, our new value of n th reproduces the proper threshold column density of star formation, as observed by Kennicutt (1998a) .
The shape of the EOS is closely related to the feedback model. In the multiphase prescription of SH, the thermal energy from SN feedback pressurizes the ISM and makes the EOS steeper. Robertson et al. (2004) later derived a fitting formula for this steep, effective EOS of the SH model. Although it is possible to use the effective EOS in the simulation for the star-forming regions, we prefer to adopt a polytropic EOS for the star-forming gas to prevent an artificial fragmentation discussed below. Note that we still apply the original EOS from the SH model for the non-star forming gas. Schaye & Dalla Vecchia (2008) discussed the use of a polytropic EOS,
Note that the effective polytropic index γ ef f is not the same as the usual adiabatic index γ. If γ ef f = 4/3, the Jeans mass is independent of the gas density. If the Jeans mass decreases with density, it will lead to the artificial fragmentation of gas (Bate & Burkert 1997) . Therefore a polytropic index γ ef f = 4/3 prevents the artificial fragmentation while allowing the collapse to proceed, and we adopt this value as our default.
The value of K in equation (7) is computed by inserting this equation into equation (5)
th . With the new SF time-scale, new density threshold, and new EOS for the star-forming gas, we go back to equation (1) and complete the new SF model. We call this model the 'Pressure' model. In Section 4, we will compareρ⋆(z) from these three SF models using a series of simulation sets presented in Table 2 . Table 1 ). The shape of the cosmic star formation history is not changed by the different cosmological parameters, but the amplitude of the star formation history is significantly affected. Figure 1 shows the cosmic star formation histories of the N216L10 series with different cosmological parameters. The general shape ofρ⋆(z) is preserved when the cosmological parameters are varied, but the amplitude changes. Figure 1 shows that the effect of the primordial power spectrum oṅ ρ⋆ is more significant than that of the global mass content of the Universe. The variance ofρ⋆ is quite large at high redshift when ns and σ8 are varied. This is because the values of ns and σ8 determine the primordial power spectrum, which governs the early structure formation. The global matter content (Ω) also changes the power spectrum, but its contribution is mostly on the transfer function and the growth factor, whose influence becomes more important at lower redshifts. Therefore, it is expected that the effect of change in ns and σ8 is more significant than that of Ω at high-z.
VARYING THE COSMOLOGICAL PARAMETERS
Figure 1 also shows that the variance ofρ⋆ becomes smaller at lower redshifts when ns and σ8 are varied. At early times, the cosmic density is high, and the cooling time is short, therefore most dark matter halos can cool the gas and form stars. During this epoch, the cosmic SFR is mostly driven by the gravitational growth of dark matter halos. At lower redshifts, the cooling time becomes longer due to decreasing cosmic density and hotter intergalactic medium (IGM). Then the effect of gas physics starts to play a more important role in determining the SFR, and the tight coupling between dark matter halo growth and SFR becomes weaker.
The cosmological matter densities (ΩΛ, Ωm, and Ω b ) Figure 2 . Galaxy stellar mass functions at z = 3 for the runs with different cosmological parameters (see Table 1 ). The shape of the mass functions is hardly affected by the variation of cosmological parameters, while the amplitude of them is slightly changed by the variations.
contribute to the cosmic SF history in two different ways. The values of ΩΛ and Ωm control the redshift evolution of the Hubble parameter, H(z), which affects the linear growth factor of structure formation and the expansion rate of the universe. Therefore the changes in ΩΛ and Ωm affect thė ρ⋆(z) through the growth factor. At low redshift, the decrease of the mean density of the Universe results in the declining efficiency of gas cooling (White & Frenk 1991) . Hence, ΩΛ and Ωm continuously influence the cosmic star formation history, which is confirmed in Figure 1 .
The variation of Ω b simply changes the gas density for a given dark matter halo. The increase (decrease) of the gas density enhances (reduces) gas cooling. Therefore the effect of Ω b becomes important at lower redshifts when the effect of gas cooling time is more important. Our simulations confirm that the cosmic SF history is mostly determined by the structure formation at high redshift and by the gas cooling at low redshift, as discussed by Hernquist & Springel (2003) . Figure 2 shows the galaxy stellar mass functions at z = 3 for the runs with different cosmological parameters. The galaxies in the simulation were identified using a simplified variant of the SUBFIND algorithm (Springel et al. 2001; Choi & Nagamine 2009) . In this paper, we set the mass limit of the simulation galaxies 32 stellar particle mass (see Table 2). The shape of mass functions is hardly affected by the variation of the cosmological parameters, while the amplitude of them is slightly changed. One noticeable feature in Figure 2 comparing with Figure 1 is that the change of mass function owing to the variation of ns is relatively small. At first glance, it might appear to be conflicting with the significant change inρ⋆(z). However, the SFR in Figure 1 is in a logarithmic scale, therefore the seemingly large relative difference inρ⋆(z) at high-z only results in a small difference in the normalization of the galaxy stellar mass function. In addition, the difference inρ⋆(z) caused by ns becomes negligible at z=3. Generally the qualitative trend in Figures 1  and 2 is the same, with the green dashed line at the top, the red curve in the middle, and the blue dotted line at the bottom.
The cosmological parameters do affect the cosmic star formation history, but they hardly change the SF efficiency as a function of gas column density. Figure 3 compares the SFR in our simulations with the empirical KennicuttSchmidt law (red solid lines, with upper and lower lines showing the errors in Equation (2)). All simulations show similar results and relatively good agreement with the Kennicutt-Schmidt law (except for the low column density end, as we will discuss later). Figure 3 represents the local star formation relation, while Figure 1 represents the global star formation. This comparison shows that, although the cosmological parameters influence the amplitude of cosmic SFR, they hardly alter the local SFR distribution. The local star formation is mostly controlled by the adopted SF model. In the next section, we will compare the effect of different SF models. (2). All three models show reasonably good agreement with the KennicuttSchmidt law, however there are notable differences in the three results as we discuss in the text. The blue dashed line is the current observational limit of the low SFR at z = 0. The yellow shading in each panel indicates the range of observed data for z = 0 galaxies taken from the locus of data points in Figure 15 of Bigiel et al. (2008) .
COMPARING DIFFERENT STAR FORMATION MODELS
In Section 2.2, we proposed two new SF models: the Blitz model and the Pressure model. In this section, we compare the results of these models with those of the original SH model. Figure 4 shows the projected SFR as a function of H i column density, which we computed following the prescriptions as described in . The size of the projected pixels is equal to the gravitational softening length in the simulation. The three SF models generally agree with the Kennicutt-Schmidt law, but there are some notable differences between the models particularly in the low density and low ΣSFR regions, which we now discuss.
The projected SFR from simulation is for z = 3 result, while the observed data is for z = 0. Most high-z galaxies are currently not resolved well, therefore it is difficult to measure the Kennicutt-Schmidt law for high-z galaxies. There are some indirect inferences, such as the work by Wolfe & Chen (2006) , that suggest lower star formation efficiencies at high-redshift, but the uncertainties are still very large. On the contrary, another work by Bouché et al. (2007) actually suggests the opposite with a four times more efficient star-formation for z ∼ 2 star-forming galaxies. Therefore, at this moment, it would be best to compare our simulation results against the most robust local observations of the Kennicutt-Schmidt law.
First, all simulations including those in Figure 3 show a large population of low ΣSFR with log ΣSFR < −5 and log NHI ∼ 18 − 19. These low ΣSFR SF regions are below the lower limit of the current observations (e.g., Bigiel et al. 2008) , which is indicated by the dashed horizontal line. The fraction of star formation occurring in these low ΣSFR regions are 0.017, 2.9, and 0.0052% for the SH, Blitz, and Pressure model, respectively, while the number fractions of columns in these low ΣSFR regions are 18, 72, and 31% for the SH, Blitz, and Pressure model, respectively. The total SFR in these low ΣSFR regions is negligible, because the largest contribution comes from high density and high SFR regions. However, there is a significant number of columns with these low ΣSFR. It is possible that the current observations are missing the above fractions of SFR and the number of star-forming columns in the Universe. These low ΣSFR regions might be related to the outskirts of the disk, or the destruction of dwarf galaxies and the formation of tidal tails. It would be an interesting future topic of research to further investigate these low ΣSFR regions in our simulations.
Second, the SH model overpredicts the ΣSFR at log NHI 20.5, which is also true for all the runs shown in Figure 3 . This feature was also noted by . This overprediction of ΣSFR is absent in the Blitz model and the Pressure model. The Blitz model considers the effect of H2 on the SFR in the low-pressure regions with low SFRs, and the lower SFRs in the low NHI regions are expected in this model. This appears to be a favorable improvement of the SF model, because Blitz & Rosolowsky (2006) compared the observed ΣSFR against their SF model and the Kennicutt-Schmidt law for several local galaxies, and found that their model shows better agreement with the observations than the Kennicutt-Schmidt law at the outskirts of disks, where the gas density is lower. In our cosmological simulations, the Blitz model gives overall lower ΣSFR than the observed Kennicutt-Schmidt law (but still within the observed range shown by the yellow shading) as shown in the top right panel of Figure 4 . There might still be some room for improvement of this model in our simulations.
Third, the Pressure model shows more favorable features compared to both the SH and the Blitz model (see Figure 4 ). As described in Section 2.2, the Pressure model adopts a higher SF threshold density than the SH model, and this has two effects. One is the reduction of ΣSFR in low NHI regions compared to the SH model, and the other is the shift of the SF cut-off column density towards higher value at around log NHI ∼ 19.5. Since the current observations only probe down to log ΣSFR ≃ −4.5, the turn-down may appear to occur at log ΣSFR ≃ 20 − 21 (e.g., Kennicutt 1998a; Bigiel et al. 2008) . The changes seen in the Pressure model are favorable improvements over the SH and Blitz models, as they bring the simulation results closer to the observations. In addition, the ΣSFR for a given NHI is lower than the Kennicutt-Schmidt law in the Blitz model, which makes the Blitz model somewhat unfavorable. This may be solved by increasing the time-scale parameter ǫ in the model, however, here we choose not to change the parameter values suggested by the original authors, because they determined those values by observations. For these reasons, we favor the Pressure model over the SH and Blitz models.
Lastly, the slope of ΣSFR in the Pressure model is slightly shallower than the SH and the Blitz model at high- Figure 5 . The cosmic star formation history from our simulations with different SF models. The solid lines are from the N216L10 series, and the dashed lines are from the N400L100 series. The N216L10 series represent the high-z SFR better, and the N400L100 series represent the low-z SFR better. We compare our results with the previous theoretical model of Hernquist & Springel (2003 , the HS model; blue long-dashed line). The cyan shading is the observed range of SF history from Kistler et al. (2009) . The yellow shading is the locus of the observed data compiled by Nagamine et al. (2006) . Both compilations of data considered the dust extinction correction. This figure shows that the peak of the SFR density shifts to a lower redshift in the Pressure model compared to the SH model. NHI with n ≃ 1.3 (see Equation (2)). This is because the Pressure model adopts a different EOS for the cold gas with a smaller value of γ ef f = 4/3 than the usual γ = 5/3. As we mentioned in Section 2.2, the value of γ ef f = 4/3 has other benefits that it can prevent the artificial fragmentation of gas. Although the slope is slightly shallow, it is still in the acceptable range of current observational uncertainties.
COSMIC STAR FORMATION HISTORY AND GALAXY EVOLUTION IN THE NEW STAR FORMATION MODEL
In this Section, we compare the results of the SH model and the Pressure model on the cosmic SF history and galaxy evolution. Figure 5 shows the cosmic SF history for both models. Here, in order to cover the entire history, we include the results from a larger volume but lower resolution simulation, which are initially made up of 2 × 400 3 gas and dark matter particles in a 100h −1 Mpc comoving box down to z = 0 (the N400L100 series). The combination of N216L10 and N400L100 series allows us to cover both high and low redshifts, and alleviate any resolution effects.
At early times, the Pressure model shows lower SFR than the SH model. Since the two simulations have the same cosmology and the same initial conditions, the dynamical evolution of gas is identical until the nonlinear growth and star formation is initiated. As we discussed in Sections 2.2 and 4, the star formation is suppressed in the low-density regions in the Pressure model compared to the SH model, and it also has a higher density threshold for star formation, resulting in the suppression of star formation at early times.
Peak Redshift
More interestingly, the suppression of early star formation shifts the peak ofρ⋆(z) to a lower redshift. In the Pressure model, the peak moves to a lower redshift by ∆z = 1 − 2 compared to the one in the SH model.
The total amount of stellar masses at the end of the simulations are similar in the two models owing to the same cosmology and the same structures. The SH model forms more stars at high-z, but the SF slows down earlier because the total amount of cold gas is limited. In contrast, the Pressure model suppresses the early star formation and leaves more cold gas available at lower redshifts, therefore the SFR slows down later than in the SH model. The shift of the peak iṅ ρ⋆(z) results from the combined effect of suppression of the early star formation and the limited amount of cold gas at late times. Based on Figure 5 , we expect that the true peak is located in-between the peaks of N216L10 and N400L100 runs, i.e, at around z = 2 − 4.
The location of the peak redshift of the cosmic SFR has shown considerable discrepancy between observations and theories. Springel & Hernquist (2003b) claimed that the peak ofρ⋆(z) lies earlier than z = 5, while observations suggest that the peak is at 2 z 4 (e.g., Hopkins & Beacom 2006) . compared two different types of hydrodynamic simulations, SPH and Eulerian TVD codes, and found a good agreement inρ⋆(z) between the two simulations with the peak being at z ≥ 4. Nagamine et al. (2006) also compared the predicted stellar mass densities ρ⋆ with observations, and found that theory predicts higher ρ⋆ than the observational estimates. They both concluded that the early SF seems to be a generic feature of the concordance ΛCDM model, and suggested that the current observations could be missing nearly half of the ρ⋆ in the Universe at high-z.
In Figure 5 , we also compare our simulation results with the theoretical fitting model of Hernquist & Springel (2003, the HS model) , which is based on a series of cosmological SPH simulations combined with semi-analytic arguments. Since our simulations include metal cooling, the star formation is enhanced by 20 − 50% compared to the simulations without metal cooling (Choi & Nagamine 2009 ). To include this enhancement, we multiply a factor of 1.3 to the original HS model formula in Figure 5 . As expected, the HS fitting agrees well with the SH model.
We also show two compilations of observational estimates ofρ⋆(z) in Figure 5 . The cyan shading is from Kistler et al. (2009) , which combines the data inferred from the Swift gamma-ray bursts (GRBs), the data compiled by Hopkins & Beacom (2006) , and the high-z UV data from Bouwens et al. (2007 Bouwens et al. ( , 2008 . The high-z SFRs inferred from GRBs tend to be higher than the previous estimates, which makes the cyan shading quite wide. The yellow shading shows the observational estimates complied in Nagamine et al. (2006), who used different dust corrections from Hopkins & Beacom (2006) . Owing to different dust corrections, the yellow shading is lower at low-z, and shows better agreement with our simulations. The current observations ofρ⋆(z) still show large uncertainties particularly at high-z, and seem to suggest that the peak ofρ⋆(z) lies at z ≤ 4, which is at a lower redshift than the SH model prediction.
The peak ofρ⋆(z) will be better determined in the near future using the data from the next generation of telescopes, such as the 30 meter telescopes and the James Webb Space Telescope (JWST). These telescopes will measure the faint-end slope of the luminosity function more accurately, and the estimates of the UV luminosity density from starforming galaxies will become more accurate. Our current results suggest that the adopted SF model was partially responsible for the early peak ofρ⋆(z) in the simulations of Springel & Hernquist (2003b) and the HS model. We find that the improved SF model can mitigate the conflict that was found by as we describe below.
Stellar Mass Density
The delayed star formation in the Pressure model gives rise to changes in the other observables as well. Figure 6 shows the evolution of the global stellar mass density ρ⋆ as a function of redshift. Several observations have estimated the evolution of ρ⋆(z) (e.g., Dickinson et al. 2003; Rudnick & etal 2006; Pérez-González et al. 2008; Marchesini et al. 2008) . In this figure, we show the range of observational data compiled by Marchesini et al. (2008) with a yellow shading, obtained by integrating the observed stellar mass function. Note that they fit the observed data at M⋆ > 10 10 M⊙ with a Schechter function by a maximum likelihood method, and the integration down to M⋆ = 10 8 M⊙ is based on the extrapolated Schechter mass function fit. Compared to these observational estimates, our simulations predict somewhat higher ρ⋆. Since the ρ⋆ in the Pressure model tends to be lower than in the SH model, it shows better agreement with the current observational estimates.
It is still possible that the current observations miss a considerable number of low-mass galaxies at high-z, as discussed by . To quantify the missed fraction of ρ⋆, we plot ρ⋆(z) with and without the masscut of M⋆ > 10 8 M⊙ in Figure 6b . Comparison of the two estimates shows that the measurement with the mass-cut underestimates ρ⋆ particularly at high-z, e.g., by ∼65% at z = 6. This difference is evident only in the N216L10 series, whose galaxy resolution reaches < 10 8 M⊙. In the N400L100 series, the galaxy resolution is above 10 8 M⊙, therefore the discrepancy between the two estimates does not show up in Figure 6b . Since most of current ρ⋆ is computed with galaxies with M⋆ > 10 8 M⊙, they could be missing as much as 65% at z = 6 and 30% at z = 3. If we change the mass limit to M⋆ = 10 10 M⊙, which is the flux limit of current high-z galaxy surveys, instead of 10 8 M⊙, then the missed stellar mass fraction would be more than 50% at z = 3.
Finally, we point out that there is an interesting contradiction between Figure 5 and Figure 6 . The observedρ⋆(z) tends to be higher than our simulations except at very highz, while the observed ρ⋆(z) tend to be lower than the simulations. This contradiction, which was also discussed by Nagamine et al. (2006) , may result from the missed low- mass galaxies at high-z or the redshift evolution of the stellar initial mass function (Davé 2008; Wilkins et al. 2008) . Future observations by 30 m telescopes and JWST may provide an answer to this conundrum.
Baryonic Mass Functions
Different cosmic star formation histories may result in different galaxy evolution. We compare the baryonic mass functions for two different SF models in Figure 7 . At z = 6, the stellar mass functions (left column) for the two models show noticeable differences: the galaxies in the Pressure model tend to have lower stellar masses (or the number of galaxies for a given M⋆ is lower). However, it does not mean that the total baryonic mass of galaxies is lower in the Pressure model. The galaxy baryonic mass functions (right column) show that the galaxies in the Pressure model run are sometimes even more massive than those in the SH model run. This is because the star formation is suppressed in the low density regions in the Pressure model run with a higher SF threshold density, which results in lower SFRs at early times compared to the SH model run. The subsequent supernova feedback is also weaker in the Pressure model, leading to more efficient gas accretion. Consequently, the galaxies in the Pressure model run can have higher baryonic masses than those in the SH model at early times.
The difference seen at z=6 in the stellar mass functions between the two SF models decreases at low redshift. At z = 3, the two SF models show similar stellar mass functions except at the very massive end. The SH model has a larger number of massive galaxies than the Pressure model, and agrees better with the observational data (cyan and yellow shadings). The larger number of massive galaxies in the SH model can be ascribed to the merger of smaller galaxies that formed earlier more efficiently than in the Pressure model. The Pressure model cuts across the observed range, and is at the higher and lower edge of the observed range at M⋆ ∼ 10 10 M⊙ and 10 11.2 M⊙, respectively. At z = 0, the two SF models show similar mass functions. Both models agree well with the observation at M⋆ < 10 11 M⊙, but they both overpredict the observed data significantly at the massive end. This discrepancy may be due to the lack of AGN feedback in our simulations, which is considered to be the major mechanism to quench star formation in massive galaxies (e.g., Croton et al. 2006) . We plan to include the evolution of supermassive black holes and their feedback effects in our future simulations.
Gas Fraction
The suppression of early star formation increases the gas fraction in galaxies. Figure 8 shows the mean gas fraction of galaxies as a function of galaxy stellar mass for the two SF models. The mean is defined as the ratio of the total gas mass to the total baryon mass (gas+stars) for all the galaxies in each mass bin, i.e., i Mgas,i/ i M baryon,i . The galaxies in the Pressure model run are more gas rich than those in the SH model run at all redshifts, except for massive galaxies at z = 0. The balance between galactic outflow The left column panels show the stellar mass functions, and the right column panels show the baryonic (gas + star) mass functions. At z = 6 and z = 3, in each panel we plot three different sets of simulations with different resolution to cover a wide mass range: the N216L10 runs cover the low-mass end, the N400L34 runs cover the intermediate mass range, and the N400L100 runs cover the most massive end of the mass functions. At z = 0, we only show the N400L100 run, because the runs with small volumes are stopped at higher redshifts. The shaded regions at z = 3 represent the range of observed stellar mass functions at 3 < z < 4 (yellow shading) and 2 < z < 3 (cyan shading) from Marchesini et al. (2008) . The green shading at z = 0 shows the observed local stellar mass function from Cole et al. (2001) . The two SF models show different mass functions at z = 6, but this discrepancy reduces at z = 3 and z = 0. and gas accretion determines the gas fraction of the massive galaxies at z = 0. We will discuss the effects of different galactic outflow models in a separate publication. Overall, the gas fraction decreases with decreasing redshift.
One might expect that the increased gas fraction in the Pressure model may enhance the star formation associated with the mergers of gas-rich spiral galaxies. Recent simulations and models show that the SFR originating from starburst during gas-rich galaxy mergers is ∼ 10% of the total spheoid mass (Cox et al. 2008; Hopkins et al. 2009; Hopkins & Hernquist 2010) . Therefore, we expect that the increase of gas fractions in the Pressure model would not change the total amount of star formation from mergers in our simulations very much.
SUMMARY
We have used the cosmological N-body/Hydrodynamics simulation to study the effects of different star formation models on the cosmic star formation history and galaxy evolution. Our main results are as follows: Figure 8 . The mean gas fraction of galaxies as a function of galaxy stellar mass. The galaxies in the Pressure model run are more gas rich than those in the SH model run at all redshifts, except for the most massive galaxies at z = 0.
(i) The change of cosmological parameters alters the amplitude of the cosmic SFR density, but does not change the shape of the cosmic SF history very much. The cosmological parameters related to the primordial power spectrum (ns and σ8) affect early star formation history significantly, while those related to the matter contents (Ωm, ΩΛ, and Ω b ) effect the SF history more at low redshift with a smaller degree. We find that the cosmological parameters hardly change the local SFR for a given H i column density.
(ii) We developed two new star formation models, which consider the effects of H2. Both the Blitz model and the Pressure model reduce the overprediction of projected SFR at low NHI. However, the Pressure model gives a more realistic SF threshold density and ΣSFR for a given NHI than the Blitz model, in better agreement with the empirical KennicuttSchmidt law. Therefore, we treat the Pressure model to be our new fiducial SF model. We will continue to refine our SF model in the future.
(iii) The Pressure model predicts a large number of columns with log ΣSFR < −4.5, which are below the threshold of the current observations. If our result is correct, then the current surveys of nearby spiral galaxies (e.g., SINGS Kennicutt et al. 2003) could be missing ∼0.005% of the total star formation and ∼30% of columns with these low SF surface densities.
(iv) The Pressure model reduces the SFR in low-density regions, which causes the suppression of early star formation. Owing to this suppression, the peak of the cosmic SF history is shifted to a lower redshift, making our results to be more consistent with the recent observational estimates. The shift of the peak also decreases the global stellar mass density. We find that the Pressure model still predicts higher stellar mass density than the current observational estimates at high redshift. If our results are correct, then the current observations could be missing as much as 65% and 35% of total stellar masses at z=6 and z=3, respectively, due to the flux limit of the surveys. In particular, our simulations contain a large population of low-mass galaxies with M⋆ 10 8 M ⊙ at z 3 that are undetected by the current surveys.
(v) We point out an interesting inconsistency between the observational estimates of the cosmic SFR density and the global stellar mass density ( Figure 5 vs. Figure 6 ). While the simulation results of the SFR density is on the lower side of the observed range, the predicted stellar mass density is larger than the observed range. This suggests that there is an inconsistency between the observational estimates of the two quantities. The only uncertainty in this argument is the stellar IMF, which changes the amount of recycled gas and stellar luminosity output per unit mass of collapsing gas cloud. Some researchers have invoked a top-heavy IMF to solve this problem (see the discussion in Section 5).
(vi) Owing to the suppression of the early star formation, the galaxies in the Pressure model run tend to have lower stellar masses, but similar total baryonic masses to those in the SH model. Therefore, the galaxies in the Pressure model run tend to be more gas rich than those in the SH model.
In this paper, we mainly focused on the results from the N216L10 and N400L100 series simulations. In the future, we will carry out a larger number of simulation series with different resolution and different box sizes to handle the resolution effects better. However, we expect that our findings will not change very much, because the qualitative changes due to cosmological parameters and the SF models that we discussed in this paper should be robust against resolution changes.
We have developed new SF models, however, our treatment still does not explicitly incorporate the formation of H2 owing to the resolution limitation. Recently, a few groups attempted to carry out a very high resolution simulation with radiative transfer and explicit treatment of H2 formation and destruction (e.g., Robertson & Kravtsov 2008; Gnedin et al. 2009 ). So far, they have been able to implement this approach only for a single galaxy, but such a simulation certainly provides important physical insights for an improved star formation model. Robertson & Kravtsov (2008) confirmed that ΣSFR shows better correlation with ΣH 2 , rather than with Σgas. Gnedin et al. (2009) found that the transition from atomic to fully molecular phase depends on the metallicity. It implies that the threshold density should be a function of gas metallicity in an improved star formation model. This causes very low star formation efficiency in the low-mass, low-metallicity galaxies, and one can expect further suppression of star formation in high-z galaxies that are not enriched with metals yet. In the future, we will attempt to incorporate the effects of H2 more explicitly and improve our SF models by considering the metallicity effects in cosmological simulations.
